Introduction
Phthalocyanines (Pcs), which have been extensively utilized as dyes and pigments, 1 have a unique chemical make-up suitable for wide applications, including gas sensors, 2 photovoltaic devices, 3 liquid crystals, 4,5 molecular magnets, 6 nonlinear optics, 7 and photosensitizers for photodynamic cancer therapy. 8, 9 Physicochemical properties of Pcs can be modified by introducing variations to the central metal atom or changing the type, number, or position of peripheral substituents.
Pcs have been incorporated into polymeric structures in order to obtain new materials with varying properties. 10−20 For the synthesis of new functional materials, a combination of controlled radical polymerization methods with Pcs is practical and convenient.
21,22
There are three extensively used common controlled radical polymerization techniques, including atom transfer radical polymerization (ATRP), 23, 24 reversible addition fragmentation chain transfer polymerization (RAFT), 25 and nitroxide mediated radical polymerization. 26 . All of these methods allow us to check the molecular weight and narrow distributions by depressing the number of radical species active during polymerization.
Using ATRP, Duan et al. synthesized an end-functionalized poly( N -isopropylacrylamide) (PNIPAM) with a nonsymmetrical Pc. The well-defined polymers obtained after combining Pcs and PNIPAM displayed photocatalytic activity that was verified with oxidative degradation of rhodamine B in aqueous solution. 27 Welldefined side-chain phthalonitrile and zinc Pc-containing polymers were synthesized via RAFT. 28 Other studies * Correspondence: serhatli@itu.edu.tr
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have reported polymers containing a terminal Pc core. For example, Kimura et al. realized the synthesis of polyacrylate-containing amphiphilic PCs through controlled/living radical polymerization from a Pc-containing initiator and it showed self-assembly in the solution into fibrous aggregates. 29 . In another study, Torres et al.
described the synthesis of polymers, terminated with amphiphilic Pc, using ATRP of styrene from an initiator functionalized with Pc and studied its self-organization in solution. 10 The synthesis of Pc-bearing polystyrene and poly(tert-butyl acrylate), in which the Pc is either an end-group or serving as a macrocyclic core, was investigated using Huisgen 1,3-dipolar cycloaddition catalyzed by Cu(I) compound (commonly referred to as the click reaction) between nonsymmetrical Pcs and Pcs having symmetrical (terminal alkynyl) groups at the periphery and azide terminated polystyrene and poly(tert-butyl acrylate).
30
Thelakkat et al. reported the synthesis and characterization study of a soluble and hydrophilic semiconductor, in which they used grafting-to of a nonsymmetrical copper Pc with azide functionality to a styrene backbone. 31 Recently, our group reported the synthesis of a new functional polystyrene polymer with a zinc Pc terminal that involved a click reaction between nonsymmetrical terminal-alkynyl-containing zinc Pc and azide-end functional polystyrene.
32
Poor solubility and slippery π − π stacks restricted the applications of Pcs. Overcoming these limitations required several attempts. polymers prepared by the cyclotetramerization of phthalonitrile-containing oligo(ethyleneoxy) precursor compounds and investigated their properties.
37,38
Synthesis of a star-shaped polytetrahydrofuran having a Pc core and their liquid crystalline properties were reported by Gursel et al. 4 Because of the complicated and time-consuming reaction and purification steps, it can be exhausting to synthesize star polymers with a Pc core using conventional methods. In another study, synthesis of a star-shaped Pc compound with four-or eight-length oligo( p -phenylenevinylene) side chains and their self-organization properties were described. 39 Recently, two studies were published on the synthesis of starshaped polymers employing a metallophthalocyanine core as a tunable charge storage material for nonvolatile transistor memory devices via ATRP with styrene. 24, 40 Here, we demonstrate the synthesis of symmetrical tetrakis (terminal bromine)-substituted Pc involved in ATRP reaction of MMA to yield star-like polymers, which, to the best of our knowledge, have never been reported. Introducing the terminal bromine groups to the four identical end sides of Pc actualized the controlled polymerization. The terminal bromine function on tetrakis(2-bromopropyloxyester)ethylthiophthalocyaninatozinc(II) allowed a facile polymerization of MMA through a Cu(I)-catalyzed ATRP reaction.
The target product, ZnPC-PMMA with a Pc core, has been described and characterized. Furthermore, electrochemical and spectrochemical properties of the obtained star-like Pc-containing MMA polymers, including electronic absorption, fluorescence, transmittance, and thermal properties, were investigated.
Results and discussion

Synthesis of ZnPc-Br
ZnPc-OH was functionalized to obtain a new initiator that was used for polymerization of methyl methacrylate (MMA). For this purpose, the ZnPc-OH core was esterified with 2-bromopropionyl bromide to obtain reactive bromine groups at the end. Figure 1 shows the synthesis of ZnPc-Br, which was used for the polymerization of MMA. The spectrum of ZnPc-OH indicated eight Ar-H protons at 9.05 ppm, four Ar-H protons at 8.10 ppm, -OH protons at 5.25 ppm, -OCH 2 protons at 4.00 ppm, and -SCH 2 protons at 3.60 ppm. multiplets. Integration values of these three peaks were compared to each other and were 1.00, 1.02, and 2.01, respectively, meaning that all four arms of the Pc scaffold were functionalized with the groups including bromine. The peak for -SCH 2 protons was not very clear because it overlapped with the peak of H 2 O protons as an impurity in DMSO-d 6 . In NMR for DMSO-d 6 the intermolecular rate of exchange is slow enough that a peak due to HDO is usually also observed and it appears at 3.30 ppm in DMSO-d 6 . Figure 3 indicates that the ZnPc-Br initiator with bromine groups was employed to serve as an initiating entity of the ATRP of MMA for preparing four-armed polymers.
ATRP of methyl methacrylate
For controlled/living polymerization systems, it is a basic requirement to increase the monomer conversion with time. Moreover, as the conversion increases with time, polydispersities decrease during polymerizations.
42−45
As can be seen from Table 1 , in our polymerization system, the results also showed the same behavior. However, we obtained broad molecular weight distributions (polydispersity index) and higher experimental M n values (with gel permeation chromatography (GPC)) than those calculated. The polydispersity index values were between 1.71 and 1.36. Besides, when we increased the reaction time, the conversions of ZnPc-PMMA increased from 5.25% to 14.37%. The reason for this could be the low initiation efficiency of the initiator. For a good controlled ATRP, better correlating of the structures of the initiator with the monomer is necessary. More efficient initiation is provided when the monomer's chemical structure is similar to the initiator's. The steric hindrance of ZnPc-Br also explains the uncontrolled behavior (it means that polydispersity indexes are a little higher compared to normal ATRP systems, not totally uncontrolled). It could be difficult to add a new monomer, so the chains preferred termination with the combination of two building chains, thereby resulting in high M n and polydispersity index. Imperfections like termination, slow initiation, slow exchange, transfer, and their collective effects on polydispersities, kinetics, and molecular weight of living chain growth polymerization can be clarified by further research.
47
The kinetic plots of polymerization of MMA are presented in Figure Initiator Run that the polymerization was first-order with respect to the monomer and that the concentration of the growing radicals remained constant for 6, 12, and 24 h of polymerization times. However, after 24 h of reaction time, since termination occurs continuously, the concentration of the Cu(II) species increases and deviation from linearity was observed. For the ideal case with chain length-independent termination, persistent radical effect kinetics implies that the semilogarithmic plot of monomer conversion vs. time to the 2/3 exponent should be linear. 48 Nevertheless, a linear semilogarithmic plot is often observed. This may be due to an excess of the Cu(II) species present initially, a chain length-dependent termination rate coefficient, and heterogeneity of the reaction system due to limited solubility of the copper complexes. It is also possible that self-initiation may continuously produce radicals and compensate for termination. 49 Similarly, external orders with respect to the initiator and Cu(I) species may also be affected by the persistent radical effect.
50
Figure 4. First-order kinetic plots for the polymerization of MMAs using ZnPc-Br as an initiator and CuBr as catalyst in anisole at 95°C.
As can be seen in Figure 4 , the average molecular weights (M n ) increased with conversion while the The GPC traces of the synthesized ZnPc-PMMA polymers obtained at different reaction times are shown in Figure 5 . It can be seen that the molecular weights moved to a higher molecular weight region with monomodal distribution, showing that the MMA monomer converted to PMMA. The FTIR spectra of the ZnPc-PMMA polymers, ZnPc-Br and ZnPc-OH, are presented in Figure 6 . In the FTIR spectra of ZnPc-Br, the disappearance of the characteristic peak of the hydroxyl group around 3280 cm −1 indicated that all the OH groups were brominated and the appearance of the C-Br band at 677 cm −1 and C =O in the carboxyl group at 1728 cm −1 confirmed that the targeted structure was synthesized successfully. The 1 H NMR spectrum of ZnPc-PMMA4 polymer was recorded in CDCl 3 and is presented in Figure   7 . The CH-Br signals were not observed in the spectrum of ZnPc-PMMA, indicating that bromine groups performed their work in the initiation of the PMMA chain growth. Figure 7 shows that the Ar-H protons of the Pc group had their chemical shifts at 9.4 ppm (multiplet), 8.2 ppm (multiplet), and 7.2 ppm (multiplet).
The spectrum of the polymer clearly indicated the presence of -SCH 2 at 3.8 ppm (multiplet) and -OCH 2 at 4.5 ppm (multiplet) coming from the initiator. The methylene protons of ZnPc-MMA and the initiator ZnPc-Br were indicated by the signals observed between 0.5 and 2.0 ppm. In addition, the peak at 3.6 ppm (multiplet) indicated the characteristic -OCH 3 group of PMMA.
Unfortunately, the results of 1 H NMR analysis of the ZnPc-MMA polymers make it hard to perform calculations of molecular weights via Pc core analysis, because the signal at 3.58 ppm from the -OCH 3 in the MMA for ZnPc-MMA polymer was obscure and it interfered with the -SCH 2 protons in the same region.
Electrochemical properties
Electrochemical studies were carried out to find the redox potentials of Pc compounds. Cyclic and square wave voltammograms of ZnPc-Br and ZnPc-PMMA4 are shown in Figure 8 and provided in Table 2 .
Both compounds displayed two reduction and two oxidation waves vs. saturated calomel electrode (SCE). The basic electrochemical parameters of Pcs are in harmony with similar complexes observed in the literature.
30,52−54 Between ZnPc-Br and ZnPc-PMMA4 recorded in dimethyl formamide, the main electro- Figure 8 . CV and SWV of ZnPc-Br (blue) and ZnPc-PMMA4 (red) in deaerated DMF using tetrabutylammonium perchlorate as the supporting electrolyte. Table 2 . Oxidation/reduction potentials of ZnPc-Br and ZnPc-PMMA4. 
Thermal behavior of ZnPc-PMMA
The polymers' thermal behaviors were investigated with differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). A heating rate of 10°C/min was applied to DSC measurements. TGA under nitrogen at a heating rate of 20°C/min was employed to measure the thermal stability. Table 3 summarizes the thermal analysis results. The Tg values of ZnPc-PMMA are in the range of 116-129°C. These values are not significantly different from the Tg values of standard PMMA as shown in Figure 9 , but they are slightly higher.
It could be said that the macrocyclic compound that we used as an initiator could affect the Tg by hindering the molecular motions of polymer chains sterically as the molecular weights of ZnPc-PMMA increase.
Degradation of the ZnPc-PMMA polymers as a function of temperature under nitrogen atmosphere is shown in Figure 10 . When the polymer's molecular weight increases, the T 50% temperature value, at which the sample is 50% decomposed, decreases. When the polymers' molecular weights increase, there will be fewer chain ends, which will cause smaller residue values, but still they do not have a linear relationship. 
Electronic absorption and fluorescence spectra
The Pcs present two strong absorption bands; one of them is the B band at about 300-400 nm and the other is the Q band at 600-750 nm in a typical electronic spectrum. 5 For ZnPc-Br, an intense Q band was observed at 687.5 nm and a B band was observed at 358 nm. Table 4 Steady-state fluorescence spectra were performed both for ZnPc-Br and ZnPc-PMMA4 for the concentration of 1.7 × 10 −5 M in DMF and the excitation wavelength was set to 630 nm for the Q band as seen in Figure   11 . Calculated Stokes shift values were typical of Pc complexes. The fluorescence spectra of ZnPc-PMMA4 were similar. As described in the literature, 56 Eq. (1), using the comparative method, was employed to find the quantum yields of the Pcs. The quantum yield of a compound in this method is determined by using a standard compound that has similar fluorescent properties with the compound tested. All the measurements of the standard and the compound must be carried out at identical environmental conditions along with same settings Figure 11 . Fluorescence emission spectra of ZnPc-Br and ZnPc-PMMA4.
of instruments.
In Eq. (1), F is the value of the area under the fluorescence curves of Pc compounds and F Std is the value of the area under the fluorescence curve of the standard. Aand A Std are the absorbance values of the sample and standard at emission while η and η Std are the refractive index values of solvents used for the sample and standard, respectively. Absorption and fluorescence emission spectral data are summarized in Table 5 .
ZnPc-1 was chosen ( Φ F = 0.23) as a standard in dimethylformamide. Similar to zinc Pcs in the literature, the fluorescent quantum yield ( ΦF) value for ZnPc-Br was found to 0.29. The fluorescence quantum yield of ZnPc-PMMAs could not be calculated because there were not any references available for them. 
Transmittance properties
Transmittance properties of thin films prepared with Pc and polymer Zn-PMMA4 on a glass substrate were observed by UV-Vis spectrophotometer. Table 6 shows the data taken from transmittance spectra. It can be seen that the transmittances of pure PMMA and ZnPc-PMMA synthesized using Pc as an initiator are not very different, so we can say that using Pc as an initiator does not have a negative effect on the transmittance of the films. The transmittance results of Pcs indicate that they can be used as an optical filter between 300-400 nm and 600-700 nm.
Conclusions
In summary, ZnPc-Br, a new ATRP initiator having active bromine groups at the periphery, was synthesized and used to perform ATRP of MMA in the presence of Cu(I) bromide and PMDETA. The structures of all synthesized compounds were characterized using 1 H NMR and FTIR spectral techniques. Electrochemical results have a good correlation with those of pure PMMA polymer. Introducing the PCs as a core structure into the polymer did not make any considerable change to the residue amount in the TGA analysis. UV-Vis analysis showed that ZnPc-PMMAs had properties similar to Pcs; however, they began to lose their fluorescence properties with increasing molecular weight. Transmittance properties of the initiator and ZnPc-PMMA were examined and showed that there were no negative influences on transmittance when PMMA was synthesized using ZnPc-Br as an initiator. The design of Pc-containing polymeric materials is a novel alternative to create new functional materials with attractive physical properties exclusive of other conventional polymers.
Experimental
Materials
The preparation of ZnPc-OH was performed according to a literature procedure. An alumina column was employed just prior to use to remove the inhibitor contained in methyl methacrylate (MMA, 98%, Fluka). Before use, MMA was distilled in vacuo over calcium hydride.
Characterization and analysis
A Thermo Scientific Nicolet IS Fourier transform spectrometer was used for acquiring FTIR analyses. The spectral resolution was 4 cm −1 . Working in the range of 4000-400 cm −1 , an average of 16 scans were recorded for each sample. 1 H NMR analyses were acquired at 500 MHz with a spectrometer of the Agilent VNMRS brand.
DMSO-d 6 (deuterated dimethyl sulfoxide) and CDCl 3 (deuterated chloroform) were used as deuterated solvents.
An Agilent pump, a refractive index detector, and three Agilent Zorbax PSM 1000S, 300S, 60S columns (6.2 × 250 mm, 5 µm) to measure within the ranges of 10 4 to 10 6 , 3 × 10 3 to 3 × 10 5 , and 5 × 10 2 to 10 4 , respectively, were employed in the GPC analyses. With a flow rate of 0.5 mL/min at a temperature of 30°C, our chosen eluent was THF. Molecular weights were calculated by referring to the PMMA standards. UV-Vis analyses were performed with a Shimadzu PharmaSpec UV 1700 UV-Vis spectrophotometer. Dimethylformamide was used for blank solution. Mass spectra were measured on a Bruker Microflex LT using dithranol as the matrix. DSC, with an instrument of the TA DSC Q10 brand, in a flowing nitrogen atmosphere, was started from 30°C
at a scanning rate of 10°C/min. For TGA, a TA Q50 instrument was run under nitrogen atmosphere at a heating rate of 20°C per min, and the temperature was raised from room temperature to 750°C. The sample weights used in this study were between 6 and 10 mg. As reference material for calibration, indium was used.
Florescence spectroscopy analyses were performed with a Varian Clay Eclipse fluorescence spectrophotometer. Excitation wavelength was 630 nm.
For cyclic voltammetry (CV) and square wave voltammetry (SWV), we used a Gamry Reference 600 potentiostat/galvanostat, utilizing a conventional three-electrode cell configuration at room temperature in DMF solutions. A glassy carbon electrode was employed as the working electrode, whose surface area was 0.071 cm 2 . As the counter electrode, platinum wire was used, and the reference electrode was a SCE. The scan rate was 25 mV/s. An Agilent 8453E UV-Vis spectrophotometer was employed to measure the transmittance of the films within the spectral range of 300-1100 nm.
Synthesis
Synthesis of ZnPc-Br
A three-necked flask was charged with ZnPc-OH (0.27 g, 0.31 mmol), TEA (0.56 mL, 3.98 mmol), and DMAP (0.034 mmol, 0.0042 g), and DMF (25 mL) was added as a solvent. The reaction medium was cooled to 0°C under nitrogen atmosphere. Then 2-bromopropionyl bromide (3.3 mmol, 0.35 mL) was added dropwise to the solution, and the mixture was stirred for 1 h at 0°C and 96 h at room temperature. The reaction mixture was treated with dichloromethane and the mixture was washed with deionized water and 5% Na 2 CO 3 solution.
After the evaporation of the solvent, the crude product was purified by using column chromatography with a chloroform/methanol mixture at 20/1 (v/v) as the eluent. ZnPc-Br exhibits a molecular-ion peak at m/z = 1421.604 [M +H] + in the MALDI-TOF mass spectrum. Yield was 79%.
Synthesis of ZnPc-PMMA
MMA (3.2 mL, 30 mmol), anisole (2 mL, 18.4 mmol), CuBr (0.015 g, 0.1 mmol), PMDETA (44 µ L, 0.21 mmol), and initiator (ZnPc-Br; 0.02 g, 0.014 mmol) were mixed in a Schlenk tube. The Schlenk tube was sealed and cycled between vacuum and N 2 three times for removing the dissolved gases and then was put in an oil bath at 95°C under continuous stirring. After polymerization was run for several hours (6, 12, 24, 48 h), the tube was cooled to room temperature, and the polymerization mixture was added to a sufficient amount of THF. A neutral alumina column was used to remove the copper complex from the THF solution and then excess THF was evaporated. The polymer was precipitated by pouring it into excess methanol; then vacuum filtration was employed to isolate it and finally it was dried under vacuum at room temperature. Gravimetric analysis was used for calculating the conversion.
Film preparation
Thin films of the polymers were spin-coated by using an SCS P6700 spin-coater (1000 rpm for 30 s) onto a dried and clean glass substrate using the solutions prepared by adding 20 mg of the synthesized polymers in 5 mL of chloroform. Following spin-coating, the polymer films were kept in an oven for 2 h at 120°C. With this procedure, the glass substrate was coated completely with the polymers.
